I. Introduction
U ltrasonic pulsed Doppler flow sensing techniques have been employed to determine blood flow noninvasively [1] . Problems with these techniques, however, are that the transducer angle (the angle between the direction of the blood flow and the line-of-sight of the ultrasonic beam) must be known in order to compute the flow velocity, and that the Doppler effect vanishes when the transducer angle is 90
• . Newhouse et al. [2] showed that flow velocity measurement for a transducer angle of 90
• could be obtained using Doppler bandwidth instead of Doppler shift, but the measurement is still a function of the transducer angle. McArdle et al. [3] predicted that Doppler bandwidth might be made relatively constant with respect to the transducer angle by choosing the range cell length to be approximately equal to the width. The condition was simulated with a computer using a single flow line and a Gaussian pulse envelope, and the Doppler bandwidth versus angle curve was found to be almost flat [4] . Because rectangular pulse envelopes were actually used in the experimental demonstrations, however, the rectangular range profile of the range cell could not match the lateral beam profile, so the range cells were not spherically symmetrical. Similar to McArdle et al. [3] , Melton et al. [5] proposed the use of a Gaussian pulse envelope to produce a spherically symmetrical range cell at the focus of a transducer when the lateral beam profile there is approximately Gaussian and is circularly symmetrical. The amount of transit-time broadening of the Doppler bandwidth [6] as the blood cells move with a constant velocity across the symmetrical range cell is the same for any flow direction, resulting in angle-insensitive flow measurement.
Experimental results for the angle-insensitive flowmeasurement technique proposed by Melton et al. [5] are presented in this paper. There are two objectives for the flow measurements. The first objective is to demonstrate a linear relationship between bandwidth and flow velocity, and the second objective is to determine if the flow velocity measurements are insensitive to the transducer angle when the range cell is approximately spherically symmetrical. Although the linear relationship between bandwidth and flow velocity has already been demonstrated by Tortoli et al. [7] using rectangular pulse envelopes and a thread phantom, the linear relationship is shown here using Gaussian pulse envelopes. Furthermore, the measurements were performed on a gelatin flow-mimicking phantom (for mimicking the ideal uniform flow) that contained graphite scatterers, and on real flow in which a parabolic flow profile was established in a flow channel of circular cross-section.
II. Methods
All data were obtained with a 4.9-MHz 12-ring annular array transducer (30 mm in diameter and focal length of 65 mm) that was fabricated at Hewlett-Packard Laboratory (Palo Alto, CA). All 12 rings were impedance matched and connected in parallel so that they operated as a single element. The lateral beam width at the focus was determined by exciting the transducer with a pulser and measuring the reflected signal from a spherical fused-quartz ball (600 µm in diameter) at the end of a fused-quartz capillary. The return signal was monitored as the ball was positioned at different locations across the beam at the focus. The profile was approximately Gaussian, and the full-width at half of the maximum (FWHM) of the beam was found to be about 0.78 mm.
The range cell for flow measurement was produced with the annular array by sending bursts of ultrasound waves each with a Gaussian pulse envelope. The return signal was sampled at a suitable time delay after the generation of each burst to position the center of the range cell at the focus of the transducer. By choosing a proper burst length, the range cell's Gaussian range profile almost matched its lateral beam profile, and the range cell became approximately spherically symmetrical. Fig. 1 illustrates the lateral beam profile and the range profile of a spherical range cell. The range profile is the envelope of the sound waves in the range cell along the range direction, and the lateral profile is the lateral beam profile across the center of the range cell. When the range cell has Gaussian lateral and range profiles, it becomes a spherical range cell when these two profiles are the same, because its profile then becomes three-dimensionally Gaussian. When scatterers travel in a spherical range cell with a uniform velocity, the power spectrum of the Doppler signal is Gaussian and the Doppler bandwidth is proportional to the magnitude of the flow velocity, independent of the flow direction [5] .
A. Spherical Range Cell
The range cell produced at the focus of the annular array was not a perfectly spherical range cell, however, because the beam profile was only approximately Gaussian there. Furthermore, although the envelope of the electrical excitation signal for driving the transducer was Gaussian, the response of the transducer tended to extend the envelope of the range profile a little at the tail end of the drive signal. Despite these imperfections, the range cell became a reasonable approximation of a spherical range cell when the range cell length was adjusted to make bandwidth measurement insensitive to the transducer angle in the situation of ideal uniform flow.
B. Ideal Uniform Flow
Although flow has traditionally been simulated by a jet, a moving thread, or the edge of a rotating disk, these techniques do not mimic an ideal situation in which the range cell is filled with scatterers that move with an identical velocity. To mimic ideal uniform flow, the 4.9-MHz transducer was moved in steps with respect to a stationary phantom that contained a large number of scatterers, so that all the scatterers moved with the same displacement with respect to the transducer for each step. The phantom was constructed by mixing gelatin (300 Bloom from porcine skin) with graphite particles (sizes less than 44 µm) that served as scatterers. The transducer was moved in small steps by a Klinger (Garden City, NY) motion system, and each time after the transducer had been moved, it stopped and waited for 1 s (for the vibration to stop) before a burst of 4.9 MHz ultrasound waves was transmitted. After a proper time delay, 128 samples of the RF return signal were recorded centered about the range cell at the focus. By assuming a certain pulse repetition frequency (PRF), different flow velocity was mimicked by changing the distance of each step of the transducer movement, despite the fact that the actual sampling rate was only about 1 Hz. For example, a step size of 20 µm mimics a flow velocity of 20 cm/s by assuming a PRF of 10 KHz, or a flow velocity of 10 cm/s by assuming a PRF of 5 KHz, etc.
The quadrature components of the samples were obtained by a Hilbert transform [8] . If complex sequence x represents the sequence of 128 real samples and complex sequence X represents the fast Fourier transform (FFT) of x, then
where F is the FFT operator. If complex sequence H represents the FFT of the Hilbert transform of x, then
where the subscript k is the frequency index (k is 1 to 63 for the positive harmonics and is −1 to −63 for the negative harmonics), and the DC component X 0 and the Nyquist component X 64 are set to zero. If h represents the Hilbert transform of x, then
where F −1 is the inverse FFT operator. The 64th sample (the indices for x and h run from 0 to 127) of the return signal x 63 and that of its quadrature component h 63 were saved in a computer for analysis.
C. Measurement System for Ideal Uniform Flow
The system block diagram is illustrated in Fig. 2 . A Hewlett-Packard (Palo Alto, CA) HP 8175A arbitrary wave generator produces a Gaussian envelope for amplitude modulation of a 4.9-MHz sinusoidal transducer excitation signal at the output of an HP 8116A pulse/function generator; the excitation signal is 16 V peak-to-peak at the peak of the Gaussian pulse envelope. The return signal is amplified with a Metro Tek (Richland, WA) MR101 ultrasonic receiver and then digitized with an HP 54112D oscilloscope. Through HPIB, an HP Vectra computer communicates with a Klinger motion controller to control the movement of the transducer along the direction of a stationary vessel phantom, and the computer obtains digitized samples from the oscilloscope for the computation of the quadrature components using (1)-(3). After 1024 pairs (the return signals and their quadrature components) of data have been obtained, the power spectrum is computed from a 1024-point complex FFT, and the Doppler bandwidth is determined as the square root of the variance of the spectrum. If complex sequence y represents the 1024 pairs of real (x 63 ) and imaginary (h 63 ) data, complex sequence Y represents the FFT of y, and the real sequence S represents the power spectrum, then
The mean frequency f is the first moment of the power spectrum S divided by the zero moment. If m is the frequency index running from −511 to 512, and m is the mean frequency index, then
By multiplying m with a scale factor that relates to the mimicked PRF f r , the mean frequency f is expressed as:
The bandwidth b is the square root of the variance, which is the mean-square deviation referred to f , i.e.
Note that the same scale factor is used in (8) to convert the bandwidth expressed in terms of frequency index to a value expressed in terms of frequency. Although the summations indicated in (6) and (8) 
D. Velocity Measurement for Ideal Uniform Flow
The mechanical fixture for mounting the transducer permits the transducer (by rotating the transducer) to transmit an ultrasound beam at an angle of 45
• , 60
• , 75
• , or 90
• with respect to the direction of the relative motion between the transducer and the phantom. The relationship between bandwidth and flow velocity was studied with a transducer angle of 60
• , and the step size was increased from 4 µm to 20 µm with an increment of 4 µm to mimic flow velocities from 4 cm/s to 20 cm/s by assuming a PRF of 10 KHz. The FWHM of the Gaussian pulse envelope of the range cell, here considered as the range cell length, was set to 0.6 mm by the arbitrary wave generator. Because of the imperfections discussed in Section II,A, the range cell was found to be a reasonable approximation of a spherical range cell when the range cell length was about 0.6 mm, even though the lateral beam width was about 0.78 mm.
The Doppler bandwidth as a function of the four transducer angles was studied with a step size of 20 µm to mimic a flow velocity of 12 cm/s by assuming a PRF of 6 KHz. In this case, a velocity of 12 cm/s instead of 20 cm/s was mimicked to facilitate comparison of these flow data with those obtained for the real flow. A set of measurements was obtained for each of the three range cell lengths: 0.4, 0.6, and 0.8 mm.
E. Real Flow
When a viscous fluid flows in a channel of circular crosssection, the flow velocity increases from zero at the wall to a maximum value at the center of the channel. If the channel is sufficiently long and the flow is laminar and steady, the velocity profile becomes parabolic, and the maximum velocity is twice the average velocity of the flow in the channel [9] .
A real flow was established in a Doppler flow phantom Model 524 manufactured by ATS Laboratories, Inc. (Bridgeport, CT). The phantom was constructed of a rubber-based tissue mimicking material, and a Model 707 Doppler test fluid (a dispersion of plastic particles in a glycerine water mixture) was driven by a Model 700 variable speed flow controller and pumping system (the fluid, the flow controller, and the pumping system were all manufactured by ATS Laboratories) through a channel (6 mm in diameter) in the tissue-mimicking material. Sufficient amount of water was added on top of the phantom surface (the water was confined by special walls) to enable positioning of the range cell at the center of the channel, which was only 25 mm below the phantom surface. The flow velocity recorded for each measurement is the flow velocity at the center of the channel, which is equal to twice the average flow velocity set by the flow controller. At the center of the channel, the bandwidth broadening caused by the spread of flow velocity in the range cell is at a minimum, because the spread of Doppler frequency is at a minimum. If the range cell was placed at a location where there was a larger flow gradient, the broadening caused by the spread of Doppler frequency would increase, especially when the transducer angle was small, and the bandwidth would become more sensitive to the transducer angle. The details are presented in Section IV.
Flow measurement was performed using a PRF of 1 KHz; each time after a burst of ultrasound waves was transmitted, 64 samples of the RF return signal were recorded centered about the range cell at the focus. Limited by the memory size of the digitizing oscilloscope, only 64 samples were acquired for the real flow instead of 128 samples as for the uniform flow. After samples of the return signal for 1024 bursts of ultrasound waves were collected, the raw data stored in the oscilloscope were sent to a computer for processing. Using (1)-(3) , the quadrature components of the samples of the return signal were obtained from a 64-point Hilbert transform of the samples. The 34th sample of the acquired return signal and that of its quadrature component for each of the 1024 bursts were then saved in the computer for analysis.
F. Measurement System for Real Flow
The system block diagram is illustrated in Fig. 3 . The basic architecture of this system is similar to that for the uniform flow. In this case, an HP 54512B digitizing oscilloscope has to store all the sample data obtained in real time for each velocity measurement before they are sent to an HP Vectra computer for processing. Also, an additional HP 8116A pulse/function generator is used here to trigger an HP 8175A arbitrary wave generator to initiate bursts of ultrasound waves at a PRF of 1 KHz. Because the return signal obtained from the Doppler test fluid is much weaker than that obtained from the gelatin flow phantom, an RF power amplifier, ENI (Rochester, NY) Model 325LA, is used to amplify the transducer excitation signal to 130 V peak-to-peak at the peak of the Gaussian pulse envelope.
Each flow velocity is estimated based on samples collected from 1024 ultrasonic bursts. After the computer has received the sample data, the quadrature components are computed. Using (4)-(8), the Doppler bandwidth is determined as the square root of the variance of the power spectrum obtained from a 1024-point complex FFT.
G. Velocity Measurement for Real Flow
The mechanical fixture for mounting the transducer was the same as that for the uniform flow; it permits flow measurement with a transducer angle of 45
• . The Doppler bandwidth as a function of flow velocity was determined for each of the four transducer angles by increasing the flow velocity at an increment of 4 cm/s from zero to the maximum value that can be measured with a PRF of 1 KHz and the specific transducer angle without aliasing. Flow velocity measurements were obtained using each of the three range cell lengths: 0.4, 0.6, and 0.8 mm. In the measurement system for the real flow, a small stationary noise, which probably came from the multiple reflections of the sound waves in the water layer on top of the phantom surface, was observed at the output of the ultrasonic receiver, and the interference increased the magnitudes of the DC components in the power spectra. When the transducer angle was 90
• , the mean frequency was zero, so the interference at a frequency of zero reduced the estimated Doppler bandwidths. In this case, Doppler bandwidths were also estimated with the DC components removed from the power spectra to obtain more accurate bandwidth estimations.
III. Results
Experimental results for both the uniform flow and the real flow were obtained. In the data presented below, the mean and standard deviation of six data points are plotted for each real-flow velocity measurement to indicate the amount of fluctuation.
A. Bandwidth Versus Velocity
For a transducer angle of 60
• and a range cell length of 0.6 mm, the Doppler bandwidth is plotted against the flow velocity for both the uniform flow and the real flow in Figs. 4 and 5, respectively. In both cases, the Doppler bandwidth increases linearly with flow velocity, but each bandwidth obtained from the real flow is smaller than that obtained from the uniform flow at the same flow velocity (a possible reason is given in Section IV). Similar linear relationships between bandwidth and flow velocity are also evident for transducer angles of 45
• and 75
• for the real flow, as shown in Figs. 6 and 7 , respectively.
Figs. 8 and 9 are plots of bandwidth versus flow velocity for the real flow when the transducer angle is 90
• and the bandwidth estimations are performed with and without the DC components, respectively. In both cases, the estimated Doppler bandwidths increases nearly linearly with flow velocity, but the bandwidths estimated with the DC components are much smaller than those estimated without the DC components.
B. Bandwidth Versus Transducer Angle
For a uniform flow of 12 cm/s, plots of Doppler bandwidth versus transducer angle for range cell lengths of 0.4, 0.6, and 0.8 mm are presented in Fig. 10 . Given the small number of data points, the bandwidth seems to be relatively insensitive to the transducer angle, especially when the range cell length is 0.6 mm. The result for real flow with a flow velocity of 12 cm/s is presented in Fig. 11 . Because the bandwidth data obtained for range cell lengths of 0.4, 0.6, and 0.8 mm are almost the same in this case, only the data for a range cell length of 0.6 mm are plotted in this figure. When the transducer angle is 90
• , the magnitudes of the interference at DC are much larger than those of the Doppler signal, so the bandwidth estimations with the DC components removed are used in this plot to give a more accurate result. The plot in Fig. 11 shows a general trend of decrease in Doppler bandwidth with increase in transducer angle. 
IV. Discussion
As shown in Figs. 4 and 5 , each of the Doppler bandwidths obtained for the real flow is smaller than that obtained for the uniform flow at the same recorded flow velocity. It should be noted that the flow velocity indicated for the real flow is actually the maximum velocity at the center of the flow channel, but the average flow velocity for the scatterers in the range cell is lower. However, the flow velocity indicated for the uniform flow is equal to the average flow velocity of the scatterers. The difference in the indicated flow velocity could contribute to the smaller measured bandwidth for the real flow. The purpose of performing bandwidth measurement on the ideal uniform flow is to demonstrate the feasibility of the basic technique and to facilitate comparison with some of the results obtained for the real flow. Because the sampling rate for the real flow was achieved in real time instead of mimicked by a 1 Hz rate as for the ideal uniform flow, more data were obtained for the real flow.
In Figs. 10 and 11, the plots of bandwidth versus transducer angle for the uniform flow differ substantially from that for the real flow, which shows that bandwidth decreases as the transducer angle increases; the trend is almost independent of the range cell length. As the transducer angle increases, the decrease in Doppler bandwidth is expected for the real flow, because the bandwidth broadening caused by a constant spread of flow velocity in the range cell is less when the transducer angle is larger. For example, despite the fact that a spread of flow velocity exists in the range cell, both the Doppler frequency and its spread are zero when the transducer angle is 90
• , and the broadening in this case is only caused by the lateral beam profile. But both the Doppler frequency and its spread increase as the transducer angle decreases, and the broadening increases because it is caused by both the range cell profile and the spread of Doppler frequency. If the range cell was placed at a location where there was a larger flow gradient, the broadening caused by the spread of Doppler frequency would increase, resulting in a larger bandwidth change for the same variation of the transducer angle.
Based on the data obtained for the real flow, it is somewhat perplexing that the bandwidth is almost independent of the three range cell lengths used for the flow measurement. One explanation is that the change in bandwidth produced by a change in the range cell length is offset by an opposite change in bandwidth caused by a change in flow velocity distribution in the range cell. For example, an increase in the range cell length tends to decrease the bandwidth, but such decrease could be offset by an increase in bandwidth as a result of a larger distribution of flow velocities in the larger range cell created by the longer range cell length.
Although the Doppler bandwidth is sensitive to the transducer angle in the real flow, the error in determining flow velocity can be reduced if the transducer angle can be estimated. For example, a transducer angle that is close to 90
• can be inferred from a large Doppler bandwidth associated with a small Doppler shift, and the bandwidth obtained can be scaled appropriately by a correction factor stored in a look-up table for the estimated flow profile (based on fluid-mechanics considerations). As shown in Fig. 11 , if the transducer angle is limited to a range of 60
• to 90
• , the bandwidth varies between 31 Hz to 42 Hz when the flow velocity is 12 cm/s. The error in bandwidth measurement for the constant flow velocity can be reduced if the transducer angle can be estimated to be within a narrower range. For this method to be regarded as practical for clinical use, however, a consistent relationship between bandwidth and flow velocity must be demonstrated over some set of clinically relevant conditions.
